Abstract HIV infection of the CNS can result in neurologic dysfunction in a significant number of infected individuals. NeuroAIDS is characterized by neuronal injury and loss, yet there is no evidence of HIV infection in neurons. Thus, neuronal damage and dropout are likely due to indirect effects of HIV infection of other CNS cells, through elaboration of inflammatory factors and neurotoxic viral proteins, including the viral transactivating protein tat. We and others demonstrated that tat induces apoptosis in differentiated mature human neurons. We now demonstrate that the high level of tat toxicity observed in human neurons involves specific developmental stages that correlate with N-Methyl-D-Aspartate receptor (NMDAR) expression, and that tat toxicity is also dependent upon the species being analyzed. Our results indicate that tat treatment of primary cultures of differentiated human neurons with significant amounts of NMDAR expression induces extensive apoptosis. In contrast, tat treatment induces only low levels of apoptosis in primary cultures of immature human neurons with low or minimal expression of NMDAR. In addition, tat treatment has minimal effect on rat hippocampal neurons in culture, despite their high expression of NMDAR. We propose that this difference may be due to low expression of the NR2A subunit. These findings are important for an understanding of the many differences among tissue culture systems and species used to study HIV-tat-mediated toxicity.
Introduction
Human immunodeficiency virus (HIV) enters the CNS early after infection, and viral persistence within the brain can result in many neurological abnormalities. As the prevalence of HIV-associated neurocognitive disorders (HAND) increases (Sacktor 2002; McArthur 2004; Joseph and Prasad 2005) , studies of the mechanisms mediating the pathogenesis of NeuroAIDS become even more important (Nath and Geiger 1998; Albright et al. 2003) .
HIV cannot directly infect neurons; thus, neuronal cell damage and death must be due to indirect mechanisms, such as the elaboration of neurotoxins from HIV-infected cells. One of these neurotoxins is the viral transactivator, tat, that can be secreted from HIV-infected cells and taken up by infected and uninfected cells (Sabatier et al. 1991; Ensoli et al. 1993; Liu et al. 2000) . While combined antiretroviral treatment (cART) targets several steps of viral replication, it does not prevent the transcription and translation of the tat protein. Tat uptake by uninfected cells has many effects, depending on cell type. These effects include secretion of cytokines and chemokines (McManus et al. 2000; Rappaport et al. 1999; D'Aversa et al. 2005) , activation of transcription factors (Kumar et al. 1998) , alterations in gene transcription (Kumar et al. 1999) , expression and activation of matrix metalloproteinases (Conant et al. 2004; Kumar et al. 1999; Toschi et al. 2001) , dysregulation of glutamate metabolism within the CNS (Eugenin et al. 2003b) , activation of N-Methyl-D-Aspartate receptors (NMDAR) in neurons (Bonavia et al. 2001; Haughey et al. 1999; Haughey et al. 2001; Kruman et al. 1998; Nath et al. 2000; Eugenin et al. 2007 ), activation and expression of other receptors (Rappaport et al. 1999; Eugenin et al. 2003b Eugenin et al. , 2007 , and expression of proapoptotic proteins in neurons (Bartz and Emerman 1999; Kumar et al. 1999) . Although the exact mechanisms of neuronal apoptosis are not known, there is a consensus that glutamate and its receptors can be involved in this process.
Our results obtained using human differentiated neurons in culture indicated that tat induces high levels of neuronal apoptosis (60-90%) by a mechanism dependent on the formation of a cell membrane macromolecular complex comprised of low-density lipoprotein receptor-related protein (LRP), postsynaptic density protein-95 kDa (PSD-95), NMDAR, and neuronal nitric oxide synthase (nNOS) (Eugenin et al. 2007 ). In rat and human non-mature neuronal culture systems, tat also induces neuronal apoptosis, but to a lesser extent, approximately 5-40% (Kruman et al. 1998; Haughey et al. 1999; Nath et al. 2000; Bonavia et al. 2001; Eugenin et al. 2003b Eugenin et al. , 2007 . These differences may be due to developmental stages of the neurons as well as to the species being utilized. Our results demonstrate that the extent of neuronal differentiation, NMDAR expression and the species of origin are major factors that contribute to the differences observed in tat-mediated neuronal toxicity.
Glutamate and its receptors, including NMDAR, are the major transmitter/receptors at excitatory synapses within the CNS. Altered activation of NMDAR contributes to many pathological conditions, including NeuroAIDS, and results in neuronal damage and death (Gonzalez-Scarano and Martin-Garcia 2005) . Our studies and those of others indicate that blocking this receptor abolishes the apoptosis caused by tat (Bonavia et al. 2001; Haughey et al. 1999 Haughey et al. , 2001 Kruman et al. 1998; Nath et al. 2000; Eugenin et al. 2003b Eugenin et al. , 2007 . However, it is unknown whether the levels of apoptosis induced by tat correlate with NMDAR expression in the different culture models of neuronal tissue.
A critical point in the development of the human fetal brain is the period between 18 and 24 weeks, due to the changes in expression of glutamate receptors, including NMDA and AMPA/kainite, in areas including the brainstem, hippocampus, and cortex (de Graaf-Peters and Hadders-Algra 2006; Herlenius and Lagercrantz 2001; Herlenius and Lagercrantz 2004) . In rat and mouse cultures, in vitro differentiation drives the expression of these receptors despite their low levels in the early stages of development Lagercrantz 2001, 2004) . A major problem for the studies of the human nervous system is the lack of information about the molecular development of human neurons in culture and optimal methods of culture, as well as how to compare cells obtained from humans to those from animal models.
In the current manuscript we demonstrate that differences in NMDAR expression, neuronal maturation, and species of origin significantly affect the levels of apoptosis induced by HIV-tat treatment. In addition, our data indicate that human undifferentiated progenitor and primary neuronal cultures, differentiated neuronal cultures, and rat cultures may have different levels of sensitivity and therefore, depending upon the question being addressed, certain models or cell types may be more useful than others.
Materials and Methods

Materials
Neurobasal media, DMEM, fetal bovine serum (FBS), penicillin/streptomycin (P/S), and trypsin-EDTA were purchased from GibcoBRL (Grand Island, NY). MK801, NMDA, monoclonal antibody to GFAP, polyclonal antibody to NR1, FITC or Cy3-conjugated anti-rabbit IgG, and Cy3 or FITC-conjugated anti-mouse IgG antibodies were from Sigma (St. Louis, MO). Monoclonal antibodies to NR2A and NR2B were from Invitrogen (San Francisco, CA). Polyclonal negative control antibodies were all from Santa Cruz Biotechnology (Santa Cruz, CA) and purified mouse IgG 2B and IgG 1 myeloma proteins were from Cappel Pharmaceuticals, Inc. LRP monoclonal antibodies were from Progen-Biotechnik GmbH (Heidelberg, Germany). In situ cell death detection kit-TMR red (TUNEL) was from Roche (Mannheim, Germany).
Tat Preparation
Tat protein was purchased from the University of Kentucky or was a gift from Dr. Avindra Nath (The Johns Hopkins Medical Center, Baltimore). Tat protein was expressed from the tat gene derived from the HIV-BRU strain encoding the first 72 amino acids (first exon) inserted into an Escherichia coli vector, PinPoint Xa-2, and expressed as a fusion protein. Tat 1-72 was enzymatically cleaved from the fusion protein and purified as described (Conant et al. 1996; Ma and Nath 1997) . Purification was [95% as determined by SDS-PAGE followed by Coomassie blue staining and Western blot analysis using polyclonal antibody to tat (AIDS Repository, NIH). Endotoxin contamination was not detected in these preparations.
Human Neuronal Cultures
Human fetal cortical tissue was used as part of an ongoing research protocol approved by the Albert Einstein College of Medicine. Dissociation, isolation, and culture of mixed population of cortical cells were as described (Eugenin et al. 2003b (Eugenin et al. , 2007 . Neuronal cultures were obtained from mixed cortical cells after 7-10 days in culture and plated in Neurobasal media supplemented with N 2 neurosurvival factor and 1-5% FBS. Experiments were performed 6-8 days after splitting of cells obtained from 23 week tissue or after 6-10 weeks in culture for the immature neurons from 22 week tissue or earlier. This long-term culture facilitated expression of NMDAR, although it was still at low levels. In our primary neuron population, 25-35% of neurons express NMDAR. We did not detect contamination with microglia using the macrophage markers CD14 and CD68 (Abcam, Cambridge, MA). We define neurons derived from 23 week tissue as mature and those from 22 week tissue or younger as immature.
Culture and Differentiation of Neuronal Progenitor Cells
Human progenitor cells were isolated from telencephalon of an 8 week gestation brain (Messam et al. 2003) . After dissection and dissociation, the cells were grown and expanded into serum-free Neurobasal medium supplemented with 0.5% bovine albumin, Neurosurvival factor (Clonetics1:50), N 2 factor (Invitrogen, 1:50), bFGF (Preprotech, 25 ng/ml), EGF (Peprotech, 20 ng/ml), gentamycin (Life Technologies, 50 ug/ml), and glutamine (Quality Biologicals, 2 mM). For differentiation of progenitor cells into neurons (MAP-2 and NeuN positive, and nestin negative) the above medium was replaced with medium containing Neurobasal media, Neurosurvival factor (Clonetics, 1:50) , N 2 factor (Invitrogen, 1:50), PDGF (Sigma, 10 ng/ml), BDNF (Sigma, 10 ng/ml), gentamycin (Life Technologies, 50 ug/ml), and glutamine (Quality Biologicals, 2 mM) for 20 days, the time required to reach full differentiation as described previously (Hou et al. 2006) . These cultures were fed by replacing 50% of the medium.
Culture of Rat Hippocampal Neurons
Cultures were generated using rat embryos and isolated hippocampus. Hippocampi were mechanically and enzymatically dissociated using trypsin/EDTA. Cells obtained after this treatment were maintained in BME medium supplemented with 10% FBS, 1% glutamax, and 1% P/S, for 2 h. BME medium was replaced by NB1.15 medium containing Neurobasal media, B27 supplement, and 1% glutamax-1 and 1% P/S. Cultures were fed once a week by replacing 50% of the NB1.15 medium.
RT-PCR Detection of NMDAR Subunits
Total RNA was isolated using Trizol reagent. Potential contamination with DNA was avoided by DNase treatment using Ambion's DNA free kit. We used a previous published protocol (Eugenin et al. 2003a) . Primers for the human NR1 subunit sequence, forward 5 0 -AAGCCTCGAGGGTACCA GAT-3 0 and reverse 5 0 -AGCTTGATGAGCAGGTCGAT-3 0 , were used with an amplicon size of 236 bp. Primers of the human NR2A subunit were forward 5 0 -TGTGAAGAAATG CTGCAAGG-3 0 and reverse 5 0 -ACTGCCCGTTGATAG ACCAC-3 0 with an amplicon of 165 bp. An internal positive control was included in each experiment using human b-actin-specific primers (foward 5 0 -CGG AAC CGC TCA TTG CC-3 0 ; reverse 5 0 -ACC CAC ACT GTG CCC ATC T A-3 0 ; data bank Accession Number XM 004814). The NMDAR subunits and b-actin amplified cDNA fragments were resolved in 1.5% agarose gels. Ethidium bromide staining showed bands of NR1, NR2A, and b-actin amplified PCR products.
Treatment of Human and Rat Neuronal Cultures
Tat treatment (10-500 ng/ml), was in Neurobasal medium supplemented with the appropriate factors for each cell type. The NMDAR antagonist blocker, MK801 (5 lM), was added 15 min before tat treatment. This concentration was optimized previously (Eugenin et al. 2007 ).
Immunofluorescence and Apoptosis Assay
Human/rat neuronal and progenitor cultures were grown on coverslips, fixed and permeabilized in 70% ethanol, washed, and incubated in TUNEL reaction mixture at 37°C for 1 h in case of quantification of apoptosis and/or washed and incubated in blocking solution at room temperature. Cells were then incubated overnight in primary antibody: anti-GFAP (1:800), anti-MAP2 (1:300), anti-LRP (1:300), anti-NR1 (monoclonal, 1:500), anti-NR1 (rabbit polyclonal, 1:300), or anti-NR2A (1:500). Cells were washed and incubated with FITC-conjugated goat anti-rabbit IgG, Cy3-conjugated sheep anti-rabbit IgG, FITC-conjugated sheep anti-mouse IgG, and/or Cy3-conjugated goat antimouse IgG (1:300) for 1 h at room temperature, followed by a 1 h PBS wash. Coverslips were mounted using Prolong Gold with DAPI (Molecular Probes) and examined by confocal microscopy. The percentage of apoptotic neurons was determined by triple immunofluorescence staining (TUNEL, DAPI, and anti-MAP-2) as described (Eugenin et al. 2003b (Eugenin et al. , 2007 . The total number of neurons, as well as the number of cells that were TUNEL positive in 10 fields per coverslip, were determined (2-4 coverslips per condition), and the data were expressed as percent apoptotic neurons.
Co-immunoprecipitation for NR2A, NR2B, and LRP Post-treatment, cells were washed twice with cold PBS and harvested in PBS plus 2 mM PMSF, and the cell suspension was sonicated in RIPA buffer with protease inhibitors. The protein was quantified by Bradford assay. Before the addition of specific antibodies, 200 lg of protein were precleared with 50 ll Pansorbin (Calbiochem). The supernatant was then incubated with the appropriate antibody or control antibody for 1.5 h, followed by 50 ll of PAN-SORBIN for 30 min and pelleted. The pellets were washed with RIPA buffer plus 2 mM PMSF, resuspended in sample buffer, and then separated by SDS-PAGE and electrotransferred to nitrocellulose for analysis of interacting proteins by Western blotting (Eugenin et al. 2007 ).
Western Blot Analysis
Cells were lysed and protein content was determined by Bradford assay. The Western blot analyses were performed as described previously (Eugenin and Berman 2003; Eugenin et al. 2007 ).
Statistical Analysis Mean differences were tested by non-parametric KruscalWallis analysis to analyze percentage of apoptotic cells and calcium imaging. If a significant F-value was obtained, means were compared with Bonferonni-Dunn multiple comparison test. Results were considered significant when P \ 0.05.
Results
Characterization of NMDAR Expression During Human Cortex Development
Many differences in the levels of tat-induced neuronal apoptosis have been reported, depending upon the system being used. We propose that tat triggers varying amounts of apoptosis due to the differential expression of NMDAR and to interspecies differences between human and mouse/rat systems. The existing literature using rat/mouse/human systems indicates that tat requires NMDAR activity to mediate apoptosis (Bonavia et al. 2001; Eugenin et al. 2003b Eugenin et al. , 2007 Johnston et al. 2001; Karn 1999; Kruman et al. 1998; Macho et al. 1999; Nath et al. 2000; Perez et al. 2001; Prendergast et al. 2002; Wang et al. 1999) . However, in vivo, significant amounts of NMDAR expression have been detected only after a critical period of human brain development, starting at 18-24 weeks (de Graaf-Peters and Hadders-Algra 2006; Lagercrantz 2001, 2004; Ritter et al. 2001) . Thus, we hypothesized that the amount of NMDAR expressed by cultured human neurons, according to their developmental stages, was a major reason for the differences in tat-induced neuronal cell death.
Using human neuronal cultures obtained from CNS tissue before and during the critical period of NMDAR expression, we characterized the mRNA and protein expression of the NMDAR subunit 1 (NR1) and subunit 2A (NR2A), as our data demonstrated their involvement in HIV-tat-induced apoptosis (Eugenin et al. 2007 ). We chose subunit NR2A because we previously demonstrated that this subunit is present in the tat-induced complex necessary for apoptosis (Eugenin et al. 2007 ). However, subunit NR2B is expressed in the human cultures, but is not recruited to the macromolecular complex induced by tat treatment (Eugenin et al. 2007 ). RT-PCR for NR1, NR2A, and actin as a loading control, using RNA isolated from immature and mature cultures of human neurons indicated that both immature and mature neurons expressed NR1 and NR2A mRNAs (Fig. 1a) . Western blot analyses were used to evaluate expression of NR1 and NR2A proteins in these cultures (Fig. 1b) . Immature neurons did not show significant amounts of NR1 or NR2A protein even after 6-10 weeks in vitro, whereas mature neurons showed readily detectable expression of NR1 and NR2A protein (Fig. 1b) . NR2B was also detected in the mature neurons (data not shown). Only minimal NMDAR expression can be induced in cells derived from early stages of development, even after 1-3 months in culture. This low expression may be mediating the weak response of these neurons to tat toxicity.
HIV-Tat-induced Activation of NMDAR Is Dependent Upon the Levels of NMDAR Expression
Tat induces a rise in cytoplasmic free calcium through IP 3 -mediated release from the endoplasmic reticulum and influx through glutamate receptors on the neuronal cell membrane (Haughey et al. 1999) . To determine the effect of tat on intracellular calcium levels in the neurons in our system, we performed time-lapse calcium imaging. Neurons were loaded with 1 lM Fluo-4 at room temperature for 15-30 min. Tat (10-500 ng/ml) or NMDA (60 lM) and glycine (10 mM) treatment of human neuronal cultures indicated that neither treatment significantly increased intracellular calcium in neuron cultures obtained before the NMDAR maturation (Fig. 2a-c for tat treatment. NMDA/ Gly treatment, data not shown). Calcium imaging after tat or NMDA plus glycine treatment of mature, differentiated human neuronal cultures with high-NMDAR expression resulted in increased intracellular calcium in approximately 30% of the neurons (Fig. 2d-f ). This increase in calcium correlated with the significant expression of NR1 and NR2A subunits of the NMDAR described in Fig. 1 . In these imaging studies, three populations of neurons were detected, classified by their calcium response to tat treatment (data not shown). One subset of neurons did not respond to tat treatment with any change in intracellular calcium above vehicle treatment. A second group had a slow, prolonged increase in intracellular calcium that, by the end of 15 min, had resulted in a 20-30% increase in intracellular calcium. The third group responded more vigorously to tat treatment, resulting in a 60-70% increase in intracellular calcium in 15 min. We hypothesize that the strong responders were NMDAR positive cells.
Cultures of immature human neuronal cells did not respond to tat or NMDA/Gly treatments by calcium imaging (Fig. 2a-c) . However, after 1-3 months in tissue culture, these cultures shifted from no NMDAR expression to low levels of expression, resulting in a minimal calcium response to tat or NMDA/Gly treatment (data not shown). These results indicate that culturing immature human neurons for a long time enables these cells to express low levels of functional NMDARs. These results correlated with the low expression of subunits NR1 and NR2A of the NMDAR in immature neurons described in Fig. 1 .
Another widely used model of CNS toxicity is rat hippocampal neurons in culture, due to their reproducible formation of synapses and high expression of NMDAR as compared to human immature neurons or neuronal cell lines. We used rat hippocampal neurons to examine whether tat alters intracellular calcium. Tat treatment strongly increased intracellular calcium in rat hippocampal neurons as compared to vehicle treated cells (Fig. 2g-i) .
HIV Tat Protein Induces Extensive Apoptosis Only in Differentiated, Mature Cultures of Human Neurons
To examine whether differences in neuronal toxicity induced by tat treatment are due to change in NMDAR expression or to other developmental change, we determined the levels of apoptosis induced by tat treatment in primary neuronal cultures obtained prior to and during the critical period of NMDAR expression. We also determined whether human neuronal progenitor cells, undifferentiated and differentiated into neurons, as well as rat hippocampal neurons, were sensitive to tat treatment.
Tat treatment (10-500 ng/ml) for 24 h resulted in low levels of apoptosis, 5-8%, in neuronal cultures generated from immature human CNS tissue (Fig. 3a) . This apoptosis induced by tat was blocked by pretreatment of the cultures with MK801 (5 lM) (Fig. 3a) . If immature neurons were cultured for 6-10 weeks to induce expression of NMDAR, apoptosis induced by tat treatment reached 10-15% (Fig. 3b) . This apoptosis induced by tat was NMDAR dependent, as MK801 blocked apoptosis.
Mature neuronal cultures obtained after onset of NMDAR protein expression that were exposed to tat (10-500 ng/ml) underwent extensive apoptosis (Fig. 3c) . Neuronal apoptosis reached 70-90% after 24 h of tat treatment and was blocked by pretreatment with MK801 (Fig. 3c) .
Brain development involves differentiation of multipotent neural progenitor cells into MAP-2 positive and nestin negative cells (Hou et al. 2006 ). These cells express low levels of NMDAR, subunits NR1 and NR2A, as evaluated by Western blot and immunofluorescence, both before and after differentiation into neurons. We did not detect significant changes in the amount of NMDAR protein or its cell distribution between undifferentiated and differentiated cells by Western blot and confocal microscopy (data not shown).
Tat treatment of undifferentiated and differentiated human neuronal progenitor cells resulted in low levels of apoptosis (5-10%, Fig. 3d, e) . Apoptosis induced by tat in both cell types, undifferentiated and differentiated, was NMDAR dependent, as pretreatment with MK801 blocked this tat-induced apoptosis (Fig. 3d, e) .
We also examined whether rat hippocampal neurons that are well characterized to have high expression of NMDAR and undergo apoptosis in response to many stimuli, would respond to tat treatment. Tat treatment of primary rat hippocampal neuronal cultures resulted in low levels of apoptosis, 12.5-18%, that were blocked with MK801 (Fig. 3f) . These low levels of apoptosis occurred despite their high NMDAR expression as compared to human neuronal cultures. Thus, species differences as well as differences in NMDAR expression contribute to the extent of tat-mediated neurotoxicity.
Extensive Apoptosis Induced by Tat Is Correlated with the Formation of a Macromolecular Complex Between NMDAR and LRP in Human Neurons
Tat-induced apoptosis in human differentiated neurons is dependent on the formation of a macromolecular complex on the surface of the neurons that includes low-density lipoprotein receptor-related protein (LRP), postsynaptic density protein-95 (PSD-95), NMDAR, and neuronal nitric oxide synthase (nNOS) (Eugenin et al. 2007 ). To demonstrate whether the differences in toxicity observed between mature and immature human neurons were associated with the formation of this macromolecular complex, we examined by immunoprecipitation the interaction between LRP and the NR2A subunit after tat treatment.
Tat treatment (10-500 ng/ml) of cultures of immature neurons cultured for 6-10 weeks did not result in formation of a complex containing LRP and NR2A as indicated by immunoprecipitation with NR2A antibody and probing with LRP antibody (Fig. 4) , despite the fact that low levels of NR1 could be detected (Fig. 1) . Tat treatment of mature neuronal cultures with high-NMDAR expression resulted in a robust increase in the interaction between LRP and NR2A (measured at 15 and 30 min after tat application, Fig. 4a ), as well as pronounced apoptosis subsequently ( Fig. 3c) (Eugenin et al. 2007 ). Association with NR2B was not detected (not shown).
In Rat Hippocampal Neurons, Association Between LRP and NMDAR Is Not Altered by Tat Treatment Immunoprecipitation studies were performed to examine whether rat hippocampal neurons respond to tat treatment by the formation of the macromolecular complex between LRP and NMDAR. Untreated rat neuronal cultures have significant baseline interaction between LRP and NR2A as well as with NR2B containing receptors (Fig. 4b) . Tat treatment (10-500 ng/ml) for 15 and 30 min of these rat hippocampal neuronal cultures did not result in changes in the interaction between LRP and NR2A or NR2B (Fig. 4b ).
Immunofluorescence studies of the cultures of rat hippocampal neurons for LRP and NMDAR subunit 1 confirmed that the complex between LRP and NMDAR is preformed, as demonstrated by the clear colocalization between both proteins (Fig. 5a-c) . After tat treatment for 15 min, there was still colocalization of both proteins (Fig. 5d-f) . The staining of LRP and NMDAR colocalization on the surface of the rat hippocampal neurons looked similar to the staining we reported for mature human neuronal cultures after tat treatment (Eugenin et al. 2007 ), but this colocalization in rat cultures was not increased and did not result in high levels of apoptosis in response to tat treatment as observed in human differentiated neurons (Eugenin et al. 2007 ). These results indicate that in addition to complex formation, interspecies differences contribute to the differential toxicity of tat for human and rat neurons. One possibility is the differential Tat induces apoptosis in neuronal cultures that depends on their maturity and is prevented by MK801, implicating NMDAR mediation. The percentage of total neurons that are apoptotic, Neuronal apoptosis (%), is plotted for control, after 24 h of tat treatment(100 ng/ml), and after 24 h tat treatment following pretreatment with MK801 (5 lM). For all experiments, control apoptosis was low, 2-5%. Tat treatment increased apoptosis to varying degrees and the effect of tat was largely blocked by MK801 pretreatment, indicating mediation by NMDARs. a Tat treatment induced a low rate of apoptosis in neuronal cultures obtained before 22 weeks (immature human neurons). b Tat treatment induced only slightly, but not significantly, more apoptosis in immature neuronal cultures that were cultured for 6-10 weeks. c Mature human neurons showed a much greater incidence of apoptosis. d, e Undifferentiated and differentiated human neural progenitor cells exhibited a small increase in apoptosis in response to tat treatment. f Apoptosis of rat hippocampal neurons, which exhibit strong expression of NMDARs, was only moderately increased in response to tat. * P \ 0.05, tat compared to control, and # P \ 0.05, MK801 pretreatment compared to tat alone (n = 6 for each panel)
presence of NR2A and NR2B in human and rat complexes, with NR2A being deleterious and/or NR2B being protective.
Discussion
This report characterizes the differences in tat-mediated toxicity observed using human neurons obtained from early and later stages of human development, undifferentiated and differentiated human neuronal progenitor cells and rat hippocampal neurons. Our findings indicate that, in addition to the developmental stages of the neurons, significant expression of NMDAR, subsequent formation of a complex between LRP and NMDAR induced by tat treatment, and species analyzed contribute to the levels of toxicity induced by tat treatment.
The NMDAR is one of the major glutamate-activated ionotropic receptors in the brain, and is permeable to sodium, potassium, and calcium ions after activation by glutamate and relief of magnesium block by depolarization. Compromised neuronal viability due to aberrant glutamate receptor activation has been described in several neurodegenerative diseases including HIV-dementia (Nishizawa 2001; Gonzalez-Scarano and Martin-Garcia 2005) . Much less is known about the expression of ionotropic glutamate receptors in the human brain during development. Autoradiographic studies demonstrate [ 3 H]glutamate binding starting after 18 weeks of gestational age in the hippocampus, thalamus, subthalamic nucleus, caudate-putamen, and cortex (Barks et al. 1988; Lee and Choi 1992; Ritter et al. 2001) . We define the period of expression of the neurotransmitter glutamate and their receptors as the critical period of NMDAR expression in the human brain. Our characterization of this period indicates that NMDAR expression is low before this maturation period and increases during this period and is high at the end of this period for subunits NR1, NR2B, and NR2A in neurons in tissue culture. The NR1 subunit is required for the formation of the channel with two additional NR2 subunits. The NR2 subunits of the NMDA receptor differ in their spatial and temporal expression (Monyer et al. 1994; Portera-Cailliau et al. 1996) , as well as in their sequences, physiological characteristics, and intracellular binding partners. NR2D is expressed developmentally in the rodent brain in the diencephalon and brain stem, while NR2B is expressed both embryonically and postnatally throughout the forebrain. NR2A and NR2C are both exclusively postnatal in the rodent CNS; however, NR2A is expressed in human neurons embryonically. Our data obtained in human neuronal cultures demonstrated that during the process of tatinduced apoptosis, the early formation of a macromolecular complex among tat-LRP-PSD-95-NMDAR containing subunit 2A and not 2B, and nNOS results in apoptosis in human neurons (Eugenin et al. 2007 ). However, despite the fact that immature human neurons express low levels of NMDAR after isolation and after long periods of culture, the formation of the complex still depends upon subunit 2A, suggesting a potential role of this subunit, rather that NR2B, in apoptosis.
NMDAR function depends on subunit composition. For example, NR2A receptors have faster deactivation kinetics than NR2B containing receptors (Cull-Candy and Leszkiewicz 2004), and they are differentially expressed during development (Cull-Candy and Leszkiewicz 2004). It is not yet clear whether the difference in subunit composition between the human and rat, pre-formation of the complex in rat neurons with NR2B being in the complex, and/or alternative signaling contributes to the interspecies differences in apoptosis after tat treatment.
We only detected significant amounts of LRP-NR2A complex formation in neuronal cultures obtained from mature human neurons. The formation of the complex was greatly increased by tat treatment and highly correlated with apoptosis as we previously published (Eugenin et al. 2007 ). In rat hippocampal neurons, the complex was preformed and the interaction between these proteins was not affected by tat treatment, despite the increase in calcium induced by tat and high expression of NMDAR. This suggests that in rat neurons, a key factor in the amplification system of toxicity is missing or altered. One of these alterations is the presence of the NR2B subunit in the complex between LRP and NMDAR. This subunit is not found in the complex induced by tat in human cells. We suggest that NR2B may protect from tat-induced apoptosis.
Despite the fact that rat hippocampal neurons express higher levels of functional NMDAR as compared to human neuronal cells, rat hippocampal neurons showed lower levels of apoptosis than human neuronal cells. Our and others' data indicate that tat treatment induces apoptosis levels of approximately 5-15% in rat neurons (Haughey et al. 2001; Magnuson et al. 1995) , as compared to the 65-90% apoptosis in mature human neurons (Eugenin et al. 2003b (Eugenin et al. , 2007 . Some of these interspecies differences can be due to differences in NMDAR. Nevertheless, in rat cells tat increases intracellular calcium, but does not cause extensive apoptosis.
Additional differences between rat and humans have been detected. For example, non-primate cells express low levels of cyclinT1, a protein required for binding of tat to TAR viral RNA (Wei et al. 1998 ). This suggests that additional tat effects in the nucleus as a transcription factor also can be a determinant in host gene expression. The human neuronal progenitor cells had low levels of NMDAR even after differentiation, and treatment with tat resulted in only low levels of apoptosis. These cells therefore resembled the neurons derived from tissue prior to or during the onset of NMDAR expression.
Interestingly, for all of the neuronal cell types examined in this report and independent of the level of apoptosis triggered by tat treatment, preincubation with MK801, an NMDAR blocker was protective, indicating that activation of NMDAR is essential for apoptosis induced by tat. Thus, this receptor is critical for tat-induced apoptosis, despite difference in NMDAR expression and extent of apoptosis in the different systems examined.
In summary, we demonstrated major differences between immature and mature primary human neurons, undifferentiated and differentiated human neural progenitor cells, and rat hippocampal neurons in their sensitivity to tat toxicity. Excessive activation of NMDA and non-NMDA glutamate receptors has been implicated in the pathophysiology of several brain diseases, including NeuroAIDS (GonzalezScarano and Martin-Garcia 2005; Nishizawa 2001 ). However, developmental changes in HIV neuronal toxicity have not been described. Specific stage of synaptogenesis and expression of neurotransmitters and their receptors, especially NMDA receptors, may determine the response to tatmediated cell death.
